Prickly lettuce (Lactuca serriola L.) is a problematic weed of Pacific Northwest and recently developed resistance to the auxinic herbicide 2,4-D. There are no publically available simple sequence repeat (SSR) markers to tag 2,4-D resistance genes in L. serriola. Therefore, a study was conducted to develop SSR markers from expressed sequence tags (ESTs) of 5 Lactuca species. A total of 15 970 SSRs were identified among 57 126 EST assemblies belonging to 5 Lactuca species. SSRcontaining ESTs (SSR-ESTs) ranged from 6.23% to 7.87%, and SSR densities ranged from 1.28 to 2.51 kb À1 among the ESTs of 5 Lactuca species. Trinucleotide repeats were the most abundant SSRs detected during the study. As a representative sample, 45 ESTs carrying class I SSRs (!20 nucleotides) were selected for designing primers and were also searched against the dbEST entries for L. sativa and Helianthus annuus ( 10 À50 ; score !100). In silico analysis of 45 SSR-ESTs showed 82% conservation across species and 68% conservation across genera. Primer pairs synthesized for the above 45 EST-SSRs were used to study genetic diversity among a collection of 22 L. serriola biotypes. Comparison of the resultant dendrogram to that developed using phenotypic evaluation of the same subset of lines showed limited correspondence. Taken together, this study reported a collection of useful SSR markers for L. serriola, confirmed transferability of these markers within and across genera, and demonstrated their usefulness in studying genetic diversity.
Lactuca is a genus in the family Asteraceae. There are almost 100 species in the genus, including economically important weeds and horticulturally important plants. Lactuca serriola L. (prickly lettuce; 2n 5 2x 5 18; estimated genome size ;1785 Mb) is a major weed species of the genus and is ubiquitous throughout North America. Lactuca serriola occurs throughout the United States, except northern Maine and southern Florida (Reed 1970; Uva et al. 1997 ). The species is native to an arid summer Mediterranean climate, primarily between latitudes of 30 and 55°in the northern hemisphere with growing degree days more than 3000 (Prince et al. 1978; Gallardo et al. 1996) . More recently, L. serriola has emerged as a problematic weed in the dryland farming regions of the inland Pacific Northwest (PNW; ;8.3 million cropland acres in Washington, Oregon, and Idaho alone; Schillinger et al. 2003) . Lactuca serriola is a winter/ spring annual weed with a deep taproot system (Jackson 1995) . It grows as a rosette of basal leaves during the vegetative growth phase and produces one or more flowering stems at maturity. In certain environmental conditions, L. serriola has vertically oriented leaves with lamina perpendicular to the east and west intersect. The vertical orientation of leaves allows the plant to reduce water loss without substantial decrease in photosynthetic rate and also enhances reproduction by positively influencing floral transition and seed set Ehleringer 1984, 1986) . Lactuca serriola is a long-day plant with high reproductive capacity and can produce up to 200 000 seed per plant (Weaver and Downs 2003) . The seeds have parachute-like appendage (pappus), which facilitates anemochory. Collectively, all these characteristics help L. serriola endure the harsh environmental conditions and invade new landscapes. In a recent study in Canada, L. serriola at densities of !50 plants m À2 caused yield losses of 60-80% in soybean (Weaver et al. 2006 ). Conversely, no such reduction in cereal or legume yield was reported in Australia. However, Amor (1986) reported effects on grain quality and harvesting efficiency. Fall emerged L. serriola usually flowers at the time of crop harvest in the PNW. Consequently, L. serriola floral buds are frequently harvested with cereal grains and are difficult to separate. The latex present in L. serriola stems cause economical losses by clogging and contaminating harvest machinery and raising the moisture content of the harvested grains to unacceptable levels. Historically, L. serriola has been controlled by a variety of selective or nonselective herbicides. Two major classes of herbicides used for L. serriola control are acetolactate synthase (ALS) inhibiting herbicides (e.g., imidazolinones) and growth regulator herbicides (e.g., phenoxyacetic herbicides). However, reported resistance to ALS-inhibiting herbicides (Mallory-Smith et al. 1990b; Alcocer-Ruthling et al. 1992 ) and 2,4-D (Burke et al. 2009 ) has raised questions about its effective control in the foreseeable future.
Lactuca serriola is a progenitor of L. sativa (cultivated lettuce), with the latter being cultivated and consumed throughout the world for its vitamin A and folic acid rich leaves. Significant amounts of genetic/genomic information are available for cultivated lettuce, including a large repertoire of molecular markers, represented by restriction fragment length polymorphisms (RFLPs) (Kesseli et al. 1994) , random amplified polymorphic DNAs (RAPDs) (Waycott and Fort 1994) , inter simple sequence repeats (Vicente et al. 2008) , genomic/expressed sequence tagsimple sequence repeats (EST-SSRs) (van de Wiel et al. 1999; Monteiro et al. 2007; Simko 2009 ), amplified fragment length polymorphisms (Jeuken et al. 2001; Koopman et al. 2001; Jansen et al. 2006) , target region amplification polymorphisms (Hu et al. 2005) , single nucleotide polymorphisms (Moreno-Vázquez et al. 2003) , and single feature polymorphisms (van Leeuwen et al. 2009 ). These molecular markers have been effectively used for linkage mapping (Truco et al. 2007) , gene tagging, quantitative trait loci (QTL) mapping (Jeuken et al. 2001) , and genetic diversity studies (Kuang et al. 2008) , significantly contributing to our understanding of L. sativa genome. Unfortunately, very little genetic/genomic information is currently available, thus making genetic dissection of complex traits (e.g., herbicide resistance) difficult in L. serriola.
Efficient use of wild relatives as a source of desirable genes for cultivated species requires a detailed understanding of their genetic structure and diversity. Understanding the nature, organization, geographical distribution, and differentiation of a wild species is not only critical for their biological conservation but is also important for broadening of the genetic base of the cultivated species (Nevo 1998) . For instance, L. serriola can serve as the primary gene pool for transferring a number of important traits, including resistance for biotic/abiotic stresses and herbicide tolerance to the cultivated lettuce (Mallory-Smith et al. 1990a) . A large project of sequencing ESTs from 5 lettuce species including L. serriola, L. sativa, L. perennis, L. virosa, and L. saligna was initiated under the auspice of the Compositae Genome Project (CGP) that resulted in more than 200 000 ESTs (CGP; http://compgenomics.ucdavis.edu).
SSRs or microsatellites are considered the markers of choice for most of genetic/genomic application (reviewed in Gupta and Varshney 2000; Ellis and Burke 2007) . Availability of a large number of ESTs in the public domain made SSR development even more appealing as ESTderived SSRs (EST-SSRs) or gene-based SSRs (genic SSRs) are very cost effective, show high reproducibility, and crossspecies transferability (Gupta et al. 2003; Gupta and Rustgi 2004) . This has made EST-SSRs the best choice for studying genetic diversity and transferability across species. The objectives of this study were to: 1) screen Lactuca ESTs for the presence of SSRs, 2) study the genetic diversity among L. serriola accessions at phenotypic and molecular levels, and 3) study the transferability of L. serriola EST-SSRs to L. sativa and L. perennis.
Materials and Methods

Plant Materials
Seeds of 22 L. serriola accessions were collected from different locations across eastern Washington and western Idaho during the summers of [2005] [2006] [2007] , and L. sativa and L. perennis seeds were procured from the Western Regional Plant Introduction Station (USDA-ARS-WRPIS, Washington State University, Pullman). Geographical location and accession number for each Lactuca accession are listed in Table 1 and Supplementary Figure S1 . A single seed from each of 24 Lactuca accessions were planted in the glasshouse maintained at 16 h light at 400 lmol m À2 s À1 and day/night temperatures of 22°C and 18°C, respectively, to produce more seeds and increase homozygosity. Although selfpollinated, 1-5% outcrossing was reported in L. serriola (Hooftman et al. 2007 ). Thus, plants were covered with a transparent nylon bag in glasshouse to prevent outcrossing. Seeds from each accession were harvested separately, and single plants from each accession were grown again in the glasshouse under the same conditions to extract genomic DNA.
Phenotypic Data
The experiment was conducted at Cook Research Farm, Washington State University, Pullman, WA during the growing season of 2007 and 2008. Experimental location is at 765-m elevation with an average annual precipitation of ;500 mm. The primary soil type was Palouse silt loam. The plots were 2-m wide and 10-m long and were arranged in a randomized complete block design with 20 L. serriola biotypes as subplots (for collection sites, see Table 1 and Supplementary Figure S1 ). Three plants represented each biotype and were considered as sub-subplots. The study had 4 replications. Phenotypic characters were recorded on each plant of each biotype in each of 4 replications, involving the following 12 traits: leaf shape (LS), leaf margin (LM), leaf length (LL in cm), leaf width (LW in cm), leaf pubescence (LP), leaf color (LC), total midrib prickles (TMPs), prickles per cm (PPcm) midrib length, prickle color (PC), seed color (SC), thousand seed weight (TSW), and plant dry weight at harvest (DWH in gm). The phenotypic data for LS, LM, LP, LC, PC, and SC were recorded on the scale of 1-10 and for herbicide resistance (HR) were recorded at the scale of 1-4 (2,4-D resistance, ALS resistance, resistance to both 2,4-D and ALS, and resistance for none of the herbicides). The correlations among all the phenotypic traits were calculated and tested at 1% and 5% levels of significance following Mir et al. (2008) .
A herbicide response study was initiated to assess herbicide response phenotypes. The experiment was conducted in the Weed Science glasshouse and laboratory facilities of the Department of Crop and Soil Sciences, Washington State University, Pullman, WA. For all experiments, seed of each prickly lettuce biotype were planted in 10-cm 2 plastic pots 1 cm deep containing a commercial potting media. Glasshouse conditions were 32/25°C (±3°C) day/night temperatures, and natural light was supplemented with light from sodium vapor lamps to provide a 14-h photoperiod. Plants were subirrigated as needed, and no fertilizer was used in addition to that in the potting media. The plants were thinned to one per pot 7-14 days after seedling emergence. Herbicide treatments were applied using an air-pressurized indoor spray chamber equipped with an 8002E flat fan nozzle calibrated to deliver a spray volume of 186 L/ha at 193 kPa. Three weeks after treatment, all above ground portions of the plant were harvested. Fresh weights were quantified for each plant part. The plant parts were then oven-dried at 40°C for 4 days, and dry weights were quantified. All herbicides were applied postemergence the prickly lettuce biotypes when they were at the 3-to 5-leaf stage. Herbicide treatments were 2,4-D at 108 g/ha, thifensulfuron at 31 g ai/ha, and tribenuron at 18 g ai/ha (thifensulfuron and tribenuron inhibit the ALS enzyme). All plants were moved to a growth chamber to control herbicide vapor movement after treatments were applied. The experimental design was a randomized complete block design. The experiment had 4 replications and was conducted twice. Phenotypes were determined by comparing each treatment with the nontreated plants of the same biotype. A resistant phenotype had similar aboveground biomass to plants that were not treated with herbicide, whereas a susceptible phenotype had significantly lower aboveground biomass and was dead.
Mining of EST-SSRs
A total of 175 446 ESTs including 48 748 ESTs from L. serriola (assembled into 8093 contigs and 8992 singletons), 53 328 ESTs from L. sativa (assembled into 7914 contigs and 13 154 singletons), 25 652 ESTs from L. saligna (assembled into 5225 contigs and 1266 singletons), 24 257 ESTs from L. virosa (assembled into 5184 contigs and 1194 singletons), and 23 461 ESTs from L. perennis (assembled into 4876 contigs and 1322 singletons) were retrieved from the CGP webpage (http://cgpdb.ucdavis.edu/ on 9 June, 2008). The EST assemblies were mined for the presence of all possible combinations of SSR motifs ranging from mono-to heptanucleotide repeats with a minimum length of 12 bp using a macro provided by Dr. N.D. Young, University of Minnesota, St Paul, MN. Poly A and poly T repeats present toward the end of EST assemblies were excluded from further analysis as those segments were suspected to represent the poly A tails of mRNAs.
Reassembly of SSR-Containing ESTs (SSR-ESTs), Designing of PCR Primers, and Annotation of Selected SSR-ESTs
The SSR-ESTs were reassembled using CAP3 program (http://pbil.univ-lyon1.fr/cap3.php), the redundant entries were excluded from the analysis, and unique entries were selected for designing SSR primers. Out of the selected SSRESTs, 45 L. serriola sequences carrying the largest di-and trinucleotide SSRs (with !20 nucleotides, designated as class I SSRs) were selected for designing SSR primers, and putative functions were assigned to these sequences using TBLASTX (score !100; E value 10 -50 ; http://blast.ncbi.nlm.nih .gov/Blast.cgi) similarity searches. Primers pairs were designed from SSR flanking sequences with the help of PRIMER3 software (http://frodo.wi.mit.edu/), and primers were synthesized from Sigma Aldrich, Inc. (Table 2) . 
DNA Extraction and PCR Amplification
DNA was extracted from 1-month-old seedlings of each of the 24 genotypes following the modified cetrimonium bromide (CTAB) method (Saghai-Maroof et al. 1984) . DNA was treated by RNAase and was purified by phenol extraction (25 phenol: 24 chloroform: 1 isoamyl alcohol, v/v/v) followed by ethanol precipitation (Sambrook et al. 1989) . Concentrations of the all DNA samples were adjusted to 50 ng/ll using Hind III digested k DNA as a marker. DNA amplification was carried out on a DNA Mastercycler (Eppendorf, Hamburg, Germany) for either of the genotyping platforms, a manual sequencing gel or an automated ABI 3730XL DNA analyzer. For the first genotyping platform, polymerase chain reactions (PCRs) were carried out in 10 ll reaction mixtures, each containing 50 ng template DNA, 0.2 lM SSR primers, 200 lM dNTPs, 1.5 mM MgCl 2 , 1Â PCR buffer, and 0.5 U Taq DNA polymerase (Life Technologies, New York) using the following PCR profile: initial denaturation at 95°C for 5 min followed by 35 cycles at 95°C for 30 s, 60°C for 30 s, 72°C for 45 s, and a final extension at 72°C for 10 min.
The amplification products were resolved on 10% polyacrylamide denaturing gels (PAGE) followed by silver staining (Tegelstrom 1992) . A 100-bp ladder was used as a size marker (New England BioLabs, Inc., Beverly). The amplified product/allele sizes were determined using Fragment Size Calculator available at http://www.basic. northwestern.edu/biotools/SizeCalc.html. For the second genotyping platform, PCR amplifications were performed in 12 ll reaction mixtures, each carrying 100 ng template DNA and 3 different PCR primers (M13F primer [5#-CACGACGTTGTAAAACGAC-3#] labeled with one of the 4 fluorescent dyes [6-FAM, PET, VIC, or NED; Applied Biosystems, Foster City, CA], long forward primer with M13F-tail at its 5# end, and a reverse primer). The PCR mix and cycling conditions were same as described above, except that the PCR mix contained 0.25 lM of each reverse and M13F primers and 0.0625 lM of the long forward primer. The PCR products were mixed and analyzed using an ABI 3730XL DNA Analyzer (Applied Biosystems) and GENE MARKER software (Softgenetics, State College, PA).
Polymorphic Information Content and Genetic Diversity
For each SSR locus, polymorphic information content (PIC) was calculated using the following equation: PIC 5 1 À AE(P i ) 2 , where P i is the proportion of genotypes carrying the ith allele (Botstein et al. 1980) . For dissimilarity analysis, null alleles were scored as zero (0) and other microsatellite alleles (length variants) were each scored in the form of single bands of expected sizes, which were later converted into the number of repeat units as allele codes (all modalities were given equal weight during the analysis). Phenotypic data were recorded at different scales for each of the traits and converted in numerical data to calculate Sokal and Michener dissimilarity indices (d i -j; Sokal and Michener 1958) . The dissimilarity indices between pairs of accessions using genotypic and phenotypic data were calculated on the basis of the following equation:
, where n11 is the number of fragments present in both i and j, n01 and n10 is the number of fragments present in one accession but absent in the other, and n00 is the number of fragments absent in both i and j. From the distance matrix obtained, a nonweighted neighbor joining tree (Saitou and Nei 1987) was computed using the Darwin 5.0 software (Perrier et al. 2003) , and branch robustness were tested using 1000 bootstraps.
In order to find a minimum set of SSR markers, which can potentially characterize 24 accessions, each marker was successively excluded and patterns of remaining markers were detected. If the remaining markers could still characterize 24 Lactuca accessions, the excluded marker was considered redundant. This process was repeated in an iterative manner till a minimum set of SSRs was identified (Mir et al. 2008 ).
Marker-Trait Association
Data recorded on 22 L. serriola accessions (Table 1) for 2,4-D and ALS resistance (in 2 different experiments) and 40 functional EST-SSRs (detecting a total of 309 alleles) were used for rank correlation analysis using PROC CORR in SAS. The genotypic data collected for all SSR markers were converted to binary format (1s and 0s) to study marker-trait associations.
Results and Discussion
In Silico Study of EST-SSRs
Only a small fraction of the screened ESTs (ranging from 6.23% in L. perennis to 7.87% in L. sativa) from the respective species contained SSRs, giving an average density of one SSR every 1.28 kb in L. sativa to 2.51 kb in L. saligna ESTs (Table 3) . In all Lactuca species, trinucleotides were the most frequent (ranging from 41.79% in L. saligna to 46.13% in L. sativa), and heptanucleotides were the least frequent (ranging from 0.95% in L. virosa to 1.31% in L. perennis) repeat types. The frequencies of the different types of EST-SSRs are summarized in Table 3 . The percentage of SSR-containing ESTs (SSR-ESTs) and SSR densities reported in the present study are relatively higher than what was recently reported for Lactuca species (4.5-4.9% SSR-ESTs and a density of 1 SSR/14.7 kb for class I EST-SSRs, Kumpatla and Mukhopadhyay 2005; Simko 2009 ). However, the values in the present study correspond well with that reported by Morgante et al. (2002) where SSR frequencies ranged from 0.74 to 2.1 kb -1 for the different plant species including Arabidopsis and wheat (Triticum aestivum L.). The observed variations in the proportion of SSR-ESTs and density/frequency of ESTSSRs may be attributed to the criteria/parameters used for mining SSRs in different studies (Varshney et al. 2005) .
A large number of trinucleotide repeats observed during the present study is in conformity with the number of trinucleotide SSRs reported for other plant species .
Simple perfect SSRs were classified into 2 groups: long hypervariable class I (.20 nucleotides) SSRs and potentially variable class II (12 to 20 nucleotides) SSRs. The number of class I SSRs ranged from 241 in L. virosa to 873 in L. sativa and the number of class II SSRs ranged from 1501 in L. perennis to 4301 in L. sativa. In all the 5 species, the most abundant repeat types in class I SSRs were tri-and di-nucleotide repeats (the percentages ranged from 28.63% to 36.43% for trinucleotide repeats and 26.12 to 33.44% for dinucleotide repeats in the 5 Lactuca species). Tri-nucleotide repeats were the most abundant repeat type in the class II SSRs. The proportion of trinucleotide repeats in the class II SSRs ranged from 46.90% to 52.55% in 5 Lactuca species. Among the class I SSRs of all 5 Lactuca species, the most and least frequent dinucleotide repeat motifs were AG/TC (42.4 to 55.4%) and CA/GT (0.4 to 4.0%; Figure 1a-j) , respectively. Nevertheless, several trinucleotide repeat motifs were favored in the class I SSRs of 5 Lactuca species: CTA/GAT (11.3%) in L. serriola, CTT/GAA (9.7%) in L. sativa, CTT/GAA (12.9%) in L. perennis, AGA/TCT (11.1%) in L. saligna, and ACT/TGA (10.3%) in L. virosa (Figure 1a-j) . The least favored motif types were ACG/TGC (0.4 to 1.5%) and AGC/TCG (1.4%; Figure 1a -j). The motif AAG/GAA/AGA represent 60% of all microsatellite motifs of the dicot Arabidopsis (Cardle et al. 2000) and are also known to be one of the most frequent motif in the plant genomes (Gupta et al. 1996) . The SSRs detected from all 5 Lactuca species also showed a bias toward the A þ T-rich repeat motifs (;60.0%) in comparison with the G þ C-rich repeat motifs (;40.0%). The above observation agrees with previous reports where A þ T-rich repeat motifs were suggested to be favored in dicotyledon species (Cardle et al. 2000; Mun et al. 2006) .
Primer Functionality and Transferability
The compatibility of marker data obtained from the 2 genotyping platforms was tested using a set of 4 common markers genotyped on both of the systems. No differences in terms of SSR allele numbers and/or product sizes were observed between 2 genotyping platforms, suggesting that both of these platforms can be used in parallel for genotyping. Thus, data obtained using both of these genotyping platforms were combined for the analyses. A set of 45 class I SSRs was selected to design and synthesize SSR primers. When tested with the genomic DNA of 22 L. serriola biotypes, 40 (88.89%) out of 45 SSR primer pairs amplified products in the expected size range (±50 bp). The number of functional primers was significantly higher than in a recent study by Simko (2009) , where only 71.76% of the tested primers were functional in 2 L. sativa accessions. Out of the 40 functional primer pairs, 5 primers (12.5%; WSULs1, WSULs25, WSULs43, WSULs158, and WSULs218) amplified products larger in size than expected. A possible explanation for this could be the amplification of introns from the genomic DNA (Thiel et al. 2003) .
A large number of functional primer pairs also amplified products in the expected range from L. sativa (97.5%) and L. perennis (85%), suggesting significant amount of crossspecies transferability of the EST-SSRs. Very high levels of cross-species transferability was also observed in cereals where 80% of Hordeum vulgare EST-SSRs showed transferability to H. bulbosum, a wild relative of cultivated barley (Thiel et al. 2003) . Additionally, 84% of T. aestivum ESTSSRs showed transferability to 18 species of TriticumAegilops complex, a group of wild wheat relatives including the progenitors of tetraploid and hexaploid wheats (Bandopadhyay et al. 2004 ). Transferability of the functional EST-SSRs was also checked at the sequence level by conducting BlastN searches of L. serriola SSR-ESTs against the L. sativa and Helianthus annuus ESTs available in the public domain (total number of ESTs for L. sativa 5 80 781 and H. annuus 5 133 682). More than 82% EST-SSRs showed transferability across species and 68% SSRs showed transferability (based on sequence similarity) across genera (Supplementary Table S1 and Figure S2a,b) . As expected, the proportion of transferable markers dropped with increase in the phylogenetic distance of L. serriola from other species, including L. sativa, L. perennis, and H. annuus (data not shown).
DNA Polymorphism
Relatively greater level of polymorphism was observed compared with other self-pollinated species (e.g., wheat [Gupta et al. 2003 ] and Jute [Mir et al. 2008] ) within (among the L. serriola biotypes) and between species (L. serriola, L. sativa, and L. perennis), which is evident from large number of alleles (ranging from 2 to 16 alleles with an average of 7.5 alleles) and high PIC values (ranging from 0.23 to 0.89 with an average of 0.72) recorded for each marker locus (Table 2) . A large number of alleles detected could be attributed to the class of SSRs (class I) selected for designing SSR primers. All the functional primer pairs detected variation in length of the SSR tracts (length polymorphism; Supplementary Figure S3 ), whereas 5 (12.5%) primer pairs also detected variation due to null alleles (± polymorphism) in up to 14 of the 22 L. serriola biotypes. These cases of null alleles may be attributed either to sequence divergence in the primer-binding sites or to an absence of specific SSR loci in respective genotypes (Gupta et al. 2003) . Interestingly, all EST-SSRs showed polymorphism within species where they discriminated at least 2 or more L. serriola biotypes and between species, where they discriminated at least one L. serriola biotype from L. sativa and/or L. perennis. Ninety percentage of the functional ESTSSRs also discriminated between L. sativa and L. perennis. Of the total functional primer pairs, 25% amplified unique alleles from L. sativa and L. perennis, whereas 75% of primer pairs amplified common alleles shared with L. serriola biotypes. Taken together, these markers appear useful in discriminating L. serriola biotypes and other species of the genus Lactuca.
Phenotypic Variability and Interrelationships
Phenotypic data was collected on a number of leaf and seed characteristics on the 20 L. serriola biotypes collected from PNW of United States. High levels of phenotypic variability were observed among the morphological characteristics. Leaf characteristics varied from 15 to 28 cm with a mean of 21.5 cm for LL, 4.5 to 13.5 cm with a mean of 8.9 cm for LW, 76 to 323 cm with a mean of 136 cm for TMPs, and 4.0 to 17.5 cm with a mean of 6.44 cm for PPcm. The other visually scored leaf traits, including LM, LP, LC, PC, and LS also varied from incised to double serrated, glabrous to densely pubescent, green to dark bluish green, white to green/brown, and oblanceolate to deep pinnately lobed, respectively. Similarly, TSW, SC, and plant DWH varied from 0.25 to 0.55 g (average 0.38 g), sea-green to dark brown and 134 to 597 g with a mean of 282.6 g, respectively.
The 20 L. serriola biotypes also varied for their response to 2 herbicide classes. For instance, 45% of the genotypes showed resistance against ALS herbicides, 5% showed resistance to 2,4-D, and 10% showed resistance against both 2,4-D and ALS herbicides. Positive and negative correlations were also observed among a number of phenotypic traits at 1% and/or 5% significance levels (Supplementary Table S2 ). Significant positive correlations were observed between the following combinations: TMP-PPcm, HR-LL, HR-LC, and LM-TSW. However, negative correlations were observed between LS-LW, LS-DWH, LL-DWH, LW-SC, and PPcm-TSW. In general, phenotypic traits had a very low level of correlation among each other, and the biological significance of some correlations is yet not clear or understood.
Diversity Analyses
The genetic relationship among Lactuca accessions was evaluated based on the combined profiles of 40 functional EST-SSR markers. The genetic dissimilarity (GD) Figure 2 . (Figure 2 ). Each cluster was further subdivided into 2 subclusters. As expected, L. sativa and L. perennis grouped separately from L. serriola accessions in cluster 3 but in separate subclusters. Interestingly, the clustering pattern observed in the dendrogram corresponded well with the geographical distribution of the L. serriola accessions (except for accession 10, 13, and 17). Additionally, 9 (numbers 1, 2, 3, 6, 7, 8, 11, 12, and 22) out of the 13 accessions in cluster I were resistant to ALS, 2,4-D, or both herbicides, whereas 7 (numbers 5, 10, 16, 17, 18, 23 , and 24) out of 11 accessions in cluster II and III were susceptible to either type of herbicides. The clustering pattern suggested that most of the L. serriola accessions grouped in the same clusters based on the herbicide resistance/susceptibility, whereas none of the other phenotypic traits was able to explain the observed clustering pattern. Genetic distances among 20 L. serriola biotypes were also estimated on the basis of 13 phenotypic traits (Supplementary Table S2 ). The GD coefficient values for all possible 190 pairs of genotypes ranged from 0.46 (between accession number 1 and 8) to 1.0 (between 4 different combinations each of accessions 17 and 18 with accessions 2, 4, 11, and 12) with a mean of 0.80. The dendrogram prepared using phenotypic traits grouped 20 biotypes into 3 clusters ( Figure 3) . As in the dendrogram based on EST-SSR markers, L. serriola accessions partially grouped together based on herbicide resistance or susceptibility. Accessions exhibiting 2,4-D resistance (number 12) or resistance against both herbicide modes of action, ALS and 2,4-D (numbers 2 and 3), were grouped in cluster I. All the accessions grouped in cluster II (number 1, 6, 7, 8, 19, and 20) exhibited ALS resistance, whereas all the accessions grouped in cluster III (numbers 14, 16, 17, and 18) did not show resistance to any herbicide. However, cluster I included both resistant (resistant to 2,4-D, ALS, and both herbicide groups) and susceptible L. serriola accessions. There is very low bootstrap support for the 3 clusters separating the resistant from susceptible genotypes, but the Pearson correlation coefficient supported the clustering pattern (Supplementary Table S3 ). The grouping of susceptible accessions (numbers 5, 9, 10, and 15) with 2,4-D and/or ALS herbicide resistant accessions in cluster I indicated that these accessions are morphologically similar to resistant accessions and suggested that resistant accessions might have evolved from these susceptible accessions.
The clustering patterns of genotypic and phenotypic dendrograms did not correspond with each other. Additionally, the clustering pattern of the dendrogram prepared using the phenotypic data also deviated from the geographical distribution of the genotypes (Table 1; Figure 3 ; Supplementary Figure S1 ). Manifestation of phenotypic traits can be influenced by environmental conditions. Therefore, a combination of highly heritable phenotypic traits with molecular markers was suggested as a better scale to study plant genetic diversity. Similar conclusions were also reached in other studies, where efforts have been made to compare molecular diversity patterns with those obtained using phenotypic traits (Bar-Hen et al. 1995; Dillmann et al. 1997; Papa et al. 1998; Lefebvre et al. 2001) . Markers derived from the expressed regions of the genome such as EST-SSRs/cDNA-SSR and SRG-RFLPs (stress responsive genes) assay polymorphism that is associated with the coding regions of the genome should detect ''true genetic diversity'' available inside or adjacent to the genes (Eujayl et al. 2002; Maestri et al. 2002; Thiel et al. 2003) . Therefore, use of molecular markers, especially those derived from the genic regions of the genome are more valuable for genetic diversity studies.
Minimum Number of SSRs Required for Assessment of the Diversity
Although studying the patterns of 40 functional SSRs in 24 Lactuca accessions, it was observed that all the genotypes could be discriminated from each other on the basis of these 40 genic SSRs. It was also observed that the above 24 accessions could also be discriminated by using as few as 4 SSRs (WSULs18, WSULs25, WSULs33, and WSULs43). Furthermore, taking the number of alleles for each SSR marker into consideration, these 4 markers could theoretically give as many as 7290 patterns. Therefore, the number of SSR markers used in the present study was not only adequate but perhaps even redundant as the same information could be derived with a much smaller number of markers. This suggests that the above set of 4 markers can be used as diagnostic markers to discriminate 24 Lactuca accession belonging to 3 different Lactuca species at the early stages of plant development.
A large number of EST-SSRs were retrieved from publically available ESTs of 5 Lactuca species. EST-derived SSRs can be easily extracted from EST databases and can be successfully used along with the other available markers in L. serriola and L. sativa. These SSRs are abundant and will have high level of transferability, associated with high intraspecific and interspecific polymorphisms. Due to the high level of conservation across genera, these markers can be used for comparative mapping and studying phylogenetic relationships among different genera of the family Asteraceae. Additionally, EST-SSRs also have a higher probability of being in linkage disequilibrium (LD) with genes/QTLs controlling economic traits and could be relatively more useful for studies involving marker-trait association, QTL mapping, and genetic diversity analysis. The genetic diversity analysis using EST-SSRs grouped all Lactuca accessions mainly based on species and geographical location and partially based on herbicide resistance. Common management strategies could be developed for the L. serriola genotypes with similar types of herbicide resistance.
Marker-Trait Associations
Marker-trait associations were studied using phenotypic data recorded for 2,4-D and ALS resistance on a subset of 22 L. serriola accessions (Table 1 ) and 40 functional EST-SSRs (Table 2) , detecting a total of 309 alleles. The approach has a few advantages over traditional linkage-based studies involving biparental structured populations, in terms of time and effort to develop mapping populations and the requirement for map information (although map information is not required for bulk segregant analysis; Gupta et al. 2005) .
A total of 27 and 10 SSR alleles showed association with 2,4-D and ALS resistance, respectively, at 5% (0.05) significance level. One marker each for 2,4-D resistance (WSULs75_2) and ALS resistance (WSULs163_2) had very high correlation values, 0.84 (P , 0.0001) and 0.75 (P , 0.0001), respectively, and therefore might be useful for marker-assisted selection after necessary validation. WSULs75 is associated to 2,4-D resistance and is derived from the gene encoding for peptide chain release factor 2, whereas WSULs163 is associated with ALS resistance and is derived from a gene encoding a protein with a galactose mutarotase-like domain (Supplementary Table S1 ). The genes do not appear to be causal for resistance to 2,4-D and ALS-inhibiting herbicides but seem to be in LD with the genes providing resistance to 2,4-D and/or ALS. One of the marker alleles, WSULs25_2, derived from the gene encoding for DNA cytosine 5-methyltransferase (DRM5), was associated with both 2,4-D and ALS resistance and can be used to breed for both of these traits after validation. Although the detected marker-trait associations suggest one marker each for 2,4-D and ALS resistance, the size of population may be a limiting factor. Future work will focus on validating these markers on a genetic mapping populations derived by crossing resistant and susceptible L. serriola accessions using bulk segregant analysis followed by genetic mapping.
Supplementary Material
Supplementary material can be found at http://www.jhered .oxfordjournals.org/.
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